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StiffnessElectropermeabilization is a physical method that uses electric ﬁeld pulses to deliver molecules into cells and
tissues. Despite its increasing interest in clinics, little is known about plasma membrane destabilization
process occurring during electropermeabilization. In this work, we took advantage of atomic force microscopy
to directly visualize the consequences of electropermeabilization in terms of membrane reorganization and to
locally measure the membrane elasticity. We visualized transient rippling of membrane surface and measured
a decrease in membrane elasticity by 40%. Our results obtained both on ﬁxed and living CHO cells give evidence
of an inner effect affecting the entire cell surface that may be related to cytoskeleton destabilization. Thus, AFM
appears as a useful tool to investigate basic process of electroporation on living cells in absence of any staining or
cell preparation.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Electropermeabilization (EP) consists in the local application of
electric ﬁeld pulses to cells and tissues which renders the plasma
membrane transiently and locally permeable to non-permeant mol-
ecules [1]. This physical method is used in clinics to potentiate the
cytotoxic effect of anticancer drugs (electrochemotherapy) [2,3]
and has great promise for gene transfer (electrogenotherapy and
vaccination) [4–6]. In 2012, more than 3000 patients have been
treated by electrochemotherapy, while 8 clinical trials were ongoing.
However the electric ﬁeld effects are still poorly understood at the
molecular level [7]. Indeed, membrane permeabilization had only
been indirectly studied by the entry of ﬂuorescent or radioactive
markers and countable molecules into cell populations during and afterElectropermeabilization; YM,
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rights reserved.pulse application [8,9], or by transmembrane potential measurements
[7]. Permeabilization has been described as localized at the sides of the
cell facing the electrodes [10], which is explained by the change inmem-
brane polarization at these two polar positions regarding electric ﬁeld
(hyperpolarization facing the anode and depolarization facing the cath-
ode) [11]. Furthermore, physical mechanisms at the molecular level de-
scribed by numerical simulation have shown water wire in lipid bilayer
during pulse application [12], indicating lipid abilities to change their
transmembrane orientation, in agreement with both theoretical [13]
and experimental studies [14]. Finally, lipid loss inducing several mem-
brane alterations (pores, tubules and vesicles formation) has been ob-
served on giant unilamellar vesicules submitted to electric pulses [15].
All these observations tend to prove the existence of lipid disorganiza-
tion due to electric ﬁeld application and different ways ofmembrane de-
stabilization. However, most of these studies used ﬂuorescent dyes that
can create some artifact as they are most of the time charged, while sim-
ulations were undertaken with non-relevant electrical conditions re-
garding biological application. Consequently, the need of data recorded
directly at the single cell level without any staining or preparation was
clearly felt and required further measurements. In this context, our chal-
lenge was to visualize the effects of membrane destabilization resulting
in permeabilization to small molecules and to perform direct quantita-
tive biophysical measurements using atomic force microscopy (AFM).
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explore the cell membrane biophysical properties [16,17]. We have
chosen to use its force spectroscopy mode to measure EP effects on
cell membrane elasticity at the single cell level. We used the innovative
Quantitative Imaging (QI™) mode from JPK [18], which is a high speed
and resolution force volume mode designed for soft and loosely
immobilized samples. Based on the force volume mode measurement,
QI™mode allows to record images at a high speedwithout exerting lat-
eral pressure on the sample [19]. We worked with Chinese hamster
ovary (CHO) cells with electrical conditions which were used for gene
transfer [20]. It is a commonly used model for electroporation study
[9] that has not been much studied by AFM [21]. We studied both
ﬁxed and living cells to access the different steps of membrane
electropermeabilization. Force measurements allowed quantifying and
describing along time the effect, and height images of living cells gave
ﬁrst assumptions on effect of electric ﬁeld on membrane shape
(Fig. 1.A). Nanomechanics revealed that electric ﬁeld provokes a de-
crease in YM of plasma membrane by 40% and that the effect observed
may be longer than showed by ﬂuorescence imaging after pulse appli-
cation. This paper states that AFM can be used to study electroporationFig. 1. Experiment outline and permeabilization control. (A) Experiment outline. Cells a
(B) Permeabilization and membrane resealing along time. CT is the control representin
related to the membrane permeabilization and decreases along time. (C) and (D) Phasephenomenon at the single cell level, and can be a helpful tool to inves-
tigate at the basic level of electro-destabilization.
2. Materiel and methods
2.1. Sample preparation
2.1.1. Fixed cells
150,000 Chinese hamster ovary cells (wild type ATCC) were grown
during 48 h on a coverslip in minimum Eagle's medium (MEM 0111,
Eurobio, France) supplemented with 8% fetal calf serum (Lonza Group
Ltd, Switzerland), and incubated at 37 °C in humidiﬁed atmosphere
with a 5% CO2 incubator. Prior to electrical pulse application, cells were
washed 3 times with phosphate-buffered saline (PBS) 1× (Invitrogen,
USA). 1 mL of pulsation buffer (PB) at 4 °C (10 mM K2HPO-4/KH2PO4−
buffer, 1 mM MgCl2, 250 mM sucrose, pH 7.4) was added, electrodes
were placed in contact with glass surface and pulses delivered.
Immediately after pulse application, PB was removed, and 1 mL of
4% paraformaldehyde solution (Sigma-Aldrich, Saint-Louis, MO) in
PBS 1× was added, and coverslip was placed at 4 °C for 30 min.re pulsed and then either ﬁxed or kept alive to be imaged and measured by AFM.
g cell not subjected to electric pulses. The number of PI positives cells is directly
contrast and ﬂuorescence image of cell 5 min after pulse application with PI.
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The coverslip was placed on themicroscope stage and PBSwas added
all along the measurement to avoid drying.
2.1.2. Living cells
75,000 CHO cells were grown in Petri dish during 24 h in the same
cell culture conditions described in Section 2.1.1. Before measure-
ments, classical MEMmedium was replaced by MEM–HEPES medium
(CM1MEM46-6U, Eurobio, France) supplemented with 8% fetal calf
serum (Lonza Group Ltd, Switzerland) and cells were placed in the
PetriDishHeater (JPK) that maintained 30 °C during all the experi-
ment. Before pulse application, head of AFM was removed, cells
were washed 3 times with 1 mL PBS 1×, 1 mL PB was added and elec-
trodes were placed in contact with the Petri dish bottom. Pulsed were
delivered and AFM head was replaced.
2.2. Electropermeabilization
The generator used for this study was Jouan (Herberlain, France).
Electrical parameters for gene transfer were used: 8 square-wave
electric pulses of 5 ms duration at 400 V/cm applied at a frequency
of 1 Hz through stainless steel parallel electrodes directly on the
glass slide (ﬁxed cells) or the Petri dish (living cells) in PB [20].
2.3. Resealing
Adherent cells were pulsed in a Petri dish as previously described
then kept at 37 °C or 30 °C and 0.1 mM propidium iodide (PI,
Sigma-Aldrich, Saint-Louis, MO) in PB buffer was added at different
time after pulse exposure. Fluorescence (Leica DMRIB microscope,
ﬁlter: BP 515–560, Mirror 590, LP 590, 40× objective) and phase con-
trast images of cells were recorded and number of PI positives cells
were counted thanks to ImageJ software, as well as total number of
cell per plan. The ratio between the two numbers minus the number
of dead cells gave the percentage of permeabilized cells.
2.4. AFM measurements
An AFM Nanowizard 3 (JPK Instrument, Berlin, Germany) was
used. We used MLCT cantilevers (Bruker probes, USA) with spring
constant ranging from 0.028 to 0.042 N·m−1. QI™ and force mapping
settings used were the following: Z-length 5 μm; applied force 4 nN;
speed: 166 μm/s for QI™ imaging on ﬁxed cells, 1000 μm/s for living
cells; 24.98 μm/s for forcemapping. Before each experiment, sensitivity
and spring constant (thermal noise method [22]) of cantilever were
calibrated.
2.5. Data analysis
JPK data processing software was used for image processing.
Images were ﬂattened (order 1) and a 3D projection was made. The
Hertz model gives the force F as a function of the indentation (δ) and
of the Young modulus (YM). The opening angle (α) of this sort of
tip was 35° and we arbitrary choose a Poisson ratio (ν) of 0.5. F =
((2·E·tanα) / (π·(1 − ν2))·δ2. OpenFovea 0.1a152 software was used
for force curve analysis with the following settings: model: cone; tip
size: 0.62 rad; Poisson ratio: 0,5; method: raw. Frequency distributions
were obtained with OriginPro 8 software, and histograms were plotted
with GraphPad Prism software, that was used for statistical analysis too.
3. Results
To access the membrane destabilization effects, we performed
two types of measurements on CHO cells, one on cells ﬁxed directly
after EP in order to capture the ﬁrst step of destabilization at high
resolution (that was time consuming and incompatible with livingcell dynamics), and one on living cell to record dynamic along time.
On each cell we explored 4 regions on the cell membrane: 2 regions
in front of the electrodes (wheremembrane permeabilization occurred)
and 2 regions perpendicular to the electric ﬁeld as indicated on Fig. 1.A.
Because of the permeabilization pattern around the cell [11], wewanted
to make measurement at these places to detect any evidence of prefer-
ential effect whether the areas are facing the electrode or not. Force
measurement and imaging were recorded on these areas for ﬁxed
cells. For living cell, only force measurements were performed on
these areas, and whole cells were imaged along time. Each single force
curve has been analyzed to extract the tip indentation and ﬁt it with
the Hertz model. OpenFovea software [23] had been used to extract
the Young modulus (YM) values on the ﬁrst 50 nm of indentation, in-
cluding membrane and as few inner cell component as possible [24].
The results were analyzed both qualitatively through elasticity map
and quantitatively by pooling all the data in frequency distribution
and histograms.
The membrane permeabilization had been ‘classically’ visualized
by propidium iodide (PI) entry into the cells which is possible only
when the membrane is permeable [7] (Fig. 1.B–D). Under the electric
ﬁeld conditions used at 37 °C, around 30% of the cells were perme-
abilized and viable just after EP. Adding PI at different times after
EP allowed us to assess the lifetime of the permeabilization process.
As shown Fig. 1.B, membrane recovery occurred in less than 10 min.
At that time, the number of permeabilized cells were, indeed, not dif-
ferent from control condition.
3.1. Experiments on ﬁxed cells
In the ﬁrst AFM experiment, cells were ﬁxed immediately after
EP. This allowed us to perform AFM measurements on cells that
‘froze’ in less than 1 min after EP. Imaging cells with the QI™ mode
showed a bumpy membrane without any indication of speciﬁc alter-
ation due to electric pulses, even at higher magniﬁcation, compared
to control cells (Fig. 2.A–B and supplementary data Figs. 1–2). We
therefore explored 4 regions on the cell membrane: 2 regions in
front of the electrodes (where membrane permeabilization occurred)
and 2 regions perpendicular to the electric ﬁeld as indicated on
Fig. 2.B (where no permeabilization is induced by the EP according
to ﬂuorescent images [11]). In each regions of interest (3 × 3 μm2),
a force map of 64 × 64 force curves was recorded (4096 curves).
As shown by elasticity map, stiff areas are present on control cell
(heterogeneous pattern), and pulsed regions are on the whole soft
and homogeneous (Fig. 2.C and D). This decrease in stiffness is visible
on force-curve proﬁles (Fig. 2.E), that showsmeasurement of a soft sur-
face after pulse application as the force increases slower. Surprisingly,
no signiﬁcant or repeatable differences have been measured between
regions facing electrodes and the other ones (See Table A and Figs.
1–2 of supplementary data). This result indicates a propagation of the
effect on thewholemembrane, the decrease in stiffness beingmeasured
uniformly around the cell. When merging the YM data of the 4 regions,
this change in elasticity was quantitatively measured: YM of the
plasma membrane being signiﬁcantly decreased from 30.0 ± 2.0 kPa
for untreated cells to 20.5 ± 1.0 kPa for electropermeabilized cells
(Fig. 2.F). This decrease in the average YM value is paired with a reduc-
tion of the standard deviation indicating a rapid homogenization and a
global change of membrane elasticity (Fig. 2.G). These results give
evidence for global propagation around the cell of the perturbation/
reorganization on membrane in the minute following EP.
3.2. Experiments on living cells
In a second set of experiments, EP had been directly performed on
the AFM stage on living cells with the same electrodes and electrical
parameters. We took advantage of the AFM ability to work in liquid
at controlled temperature to slow down the process working at 30 °C.
Fig. 2. Images and elasticity of plasma membrane on ﬁxed cells. (A) QI™ image (z range = 7 μm, 256 px2) of one ﬁxed control CHO cell (3D projection). White boxes: localization of
region where force volume measurements are done (64 × 64 force curves). QI™ image of one of these 9 μm2 region is presented (z range = 1 μm, 128 px2). (B) QI™ image
(z range = 7 μm, 256 px2) of one CHO cell ﬁxed immediately after pulse application (3D projection) and magniﬁcation: QI™ image of one 9 μm2 area (z range = 1 μm, 128 px2).
White boxes: localization of region where force volume measurements are done (64 × 64 force curves). QI™ image of one of these 9 μm2 regions is presented (z range = 1 μm,
128 px2). (C) and (D) Elasticity maps of the corresponding area magniﬁed in A and B (colors scale: 8 kPa per black dash). (E) Force curve proﬁles, black: control, gray: pulsed cells.
(F) YM values for control (n = 3), and ﬁxed cells (n = 3) (mean ± SEM), all YM values of the 3 cells are plotted (n = 49,000). Statistical test: unpaired t-test, ***P value b 0.0001.
(G) Frequency distribution of YM values for one region measured of one control and one ﬁxed cell (n = 4096 force curves for each histogram) and mean value (kPa) extracted from
Gaussian ﬁt ± error.
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Fig. 3.A presents AFM height images of a control cell not submitted
to electroporation where no change in membrane surface is detected.
Underlying the cytoskeleton ﬁbers are detected under the membrane
all the time (see supplementary data Figs. 3 and 4 for a detailed anal-
ysis of images). In Fig. 3.B a cell had been imaged and measured
before and after EP. QI™ imaging of cells shows a well-organized
membrane before EP (Fig. 3.B.1). Indeed, few membrane extensions
are visible and membrane surface is quite homogeneous and smooth
compared to post-pulse membrane (see supplementary data Fig. 4 for
a detailed analysis of these images). Between 3 and 15 min after EP,Fig. 3. Living cells images. (A) QI™ height image (z range = 7 μm) of a control cell along
Inserts show numerical zoom and membrane detail (scale bar = 1 μm). (B) QI™ height
pulse application with time scale. Inserts show numerical zoom and membrane details (scacell membrane is still disturbed (Fig. 3.B.2). A lot of extensions
rippling membrane are visible around the cell. The numerical zoom
shows a magniﬁcation of this rippling. Additionally to this observed
effect, the absence of cytoskeleton ﬁbers under the membrane surface
indicates a relaxed structuration. 23 min after pulse application the
cell spreads out again thanks to the cytoskeleton that is visible
again, plasma membrane had recovered its structure, and is as
smooth as before EP (Fig. 3.B.3). Cross sections of living cells images
(Fig. 4, see Fig. 3 for localization of sections) revealed no signiﬁcant
change in cell height after EP (2 cells on 3 showed a slight increase
in height of about 1 μm, see supplementary data Fig. 4), but antime. No pulsation but change from culture medium to pulsation buffer at t = 0 min.
image (z range = 7 μm) of one CHO cell before (1), 3 min (2) and 23 min (3) after
le bar = 1 μm).
Fig. 4. Cross section along axis indicated for one control (A) and one pulsed cells
(B) presented in Fig. 3. Black line: before EP, light-gray: 15 min after EP, dark-gray:
30 min after EP. The double arrow indicates the swelling induced by electroporation.
Fig. 5. Living cellmeasurements. (A) Elasticitymap for 1 regionmeasured along time (color sca
light gray: 8 min after EP, dark gray: 35 min after EP. (C) YM values (see Fig. 1 for force curve
t = 0 min (n = 1024 force curves, mean ± SEM). The time indicates the half of the total time
application at t = 0 min. Statistical test: unpaired t-test, *P value b 0.05 (n = 1024 force curve
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nomenon of cell swelling had already been observed by optical mi-
croscopy [25].
3.2.2. Elasticity measurements
We then measured the elasticity of plasma membrane at various
times after EP, still at 30 °C. As for ﬁxed cells, 4 regions were explored
in a sequential manner along time, 16 × 16 force volumes have been
recorded. Elasticity maps of these regions along time show, as for
ﬁxed cell, a heterogeneous distribution of stiff areas before pulse ap-
plication and a decrease in elasticity combined to its spatial homoge-
nization 8 min after the pulse (Fig. 5.A and supplementary data Fig. 5
for the 4 regions of one cell). The return of stiff areas is visible as soon
as 17 min after pulse application. As previously observed, force curve
proﬁles are changing undoubtedly showing the effect of EP on elasticity
and its recovery (Fig. 5.B). No changes related to electric ﬁeld direction
has been observed between the 4 regions measured (See Table B in
supplementary data for 6 different cells representing 61% of the total
measured cell, 31% of cells showing no effect to EP, and 8% dying). The
histograms (Fig. 5.C–D) present the merged results of the 4 regions
for the meantime, for one control cell and one pulsed cell, respectively.
The rawdata are quite different from ﬁxed cell but this can be explained
by the ﬁxation method that unambiguously makes the membrane
stiffer. YM value decreases just after EP (from 18.8 ± 2.0 kPa to
11.2 ± 0.5 kPa at 8 min, Fig. 5.D). Then, this value increases slowly
and tends to reach the initial value 35 min after EP. This recovery is
not correlated to plasma membrane resealing, as an event at 30 °C,
a membrane resealing is operated in less than 10 min (Fig. 5.E).
4. Discussion
This study shows the impact of electrical pulses at the plasma
membrane level in the minute following permeabilization through
direct imaging of cell membrane and measurement of its stiffness.lemaximum: 36 kPa). (B) Force curve proﬁles, 3 examples. Black: before pulse application,
acquisition pattern) for one cell without pulse application but pulsation buffer addition at
required to record all the data for one point. (D) YMvalues for a cell before and after pulses
s, mean ± SEM). (E) Permeabilization andmembrane resealing along time at 30 °C in PB.
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elasticity, namely an increase in softness characterized by a decrease
in YM values. We have performed the measurements which are the
closest possible to pulse application by ﬁxing the cells, but still, the
measurements were recorded on the cells that are froze in the minute
following EP. The permeabilization and themembrane resealing are oc-
curring in themillisecond and second range following pulse application
[7]. Thus, the effect measured is not the direct permeabilization of
membrane, but a longer effect that is still present in theminutes follow-
ing EP (Fig. 2). Both theory describing the electropermeabilization
process and experiments of ﬂuorescent molecule uptake which were
performed on the cells, state that electropermeabilization is induced
on the side of the cells facing the electrodes because of the membrane
polarization changes. In our conditions no differences in stiffness de-
crease have been measured depending on electric ﬁeld direction
(Table A supplementary data). We conclude that AFM allows sensing
a different effect of EP than standard ﬂuorescent microscopy using PI
detection uptake does, as it is happening later than permeabilization
and on the whole cell. Experiments on living cell conﬁrm this
hypothesis. Indeed, by decreasing the temperature, we managed
to record the same decrease in stiffness after pulse application
(Fig. 5.A–D). Stiffness measurements along time show a slow recov-
ery process that tends to reach initial cell stiffness 35 min after EP.
However, at 30 min after pulse application, even at 30 °C, the mem-
brane is completely resealed (Fig. 5.E), which conﬁrms that no direct
link between permeabilization event and the decrease in stiffness
can be done. These observations show that the decrease in stiffness
is a dynamic process that is present after membrane permeabilization
and can be slowed down by a decrease in temperature. All together,
these measurements lead to the conclusion that even if membrane
permeabilization is locally induced in speciﬁc regions of the cell and
is transient (ﬂuorescence imaging), its consequences on stiffness are
global and still present when membrane resealing has occurred.
Height images of living cells show post-electroporated membrane
and give evidence of real membrane disorganization and a complete
re-organization for the ﬁrst time on living cells (Fig. 3 and supple-
mentary data Figs. 3–4). These observations of the visible effect of
EP on cell membrane shown by AFM images may not be induced
only by membrane disorganization but also by cytoskeleton reorgani-
zation as stress ﬁbers are not visible from 15 to 23 min after EP
(Fig. 3.B.2).
Images give also access to height and width parameter of the cells.
Cell swelling has been measured after electroporation (Fig. 4) in agree-
ment with previous studies [25]. However, this effect that is due to
water entry into cell cytoplasm cannot be considered as the ﬁrst cause
of decrease in elasticity after EP. Indeed, we extracted the Young modu-
lus value by ﬁtting the indentation curve by a Hertz model. This Young
modulus reﬂects the elasticity of our sample. Changes due to osmotic
pressure can be calculated through the spring constant of the sample,
but is not reﬂected by the Youngmodulus [26]. Thus the datawe present
in Fig. 4 do not reﬂect the change in osmotic pressure shown by swelling.
Moreover, an increase in cell size should indicate an increase in stiffness
as more volumemust be contained in the same compartment that is the
plasmamembrane. Herewemeasure a decrease in stiffness, so the oppo-
site, will conﬁrm that we see the membrane destabilization and not the
effect of cell swelling.
Thanks to OpenFovea software [23] we chose to measure elasticity
of the 50 ﬁrst nanometers in contact with the tip, containing the plas-
ma membrane, but also the transmembrane proteins, and the part of
the cytoskeleton network branched on these proteins or directly on
lipids [27–29]. The change in elasticity may thus not be a measurement
of lipid bilayer disorganization but may reﬂect an internal effect of EP
which affects plasma membrane. All together, the data presented lead
to the hypothesis that AFM measures a dynamic effect of EP on the
internal structure of the cell which lasts longer thanmembrane perme-
abilization and recovers slowly. As images show the absence ofcytoskeleton ﬁbers after pulse application, we hypothesize that this is
linked to cortical actin, as proposed by Fels et al. [30]. Several papers
showed the actin restructuration after EP [20,31] or its role in mem-
brane permeabilization [32] and thus support the implication of actin
in the measured effect. Cortical actin network being linked to mem-
brane, the destabilization of lipids during pulse application may destabi-
lize actin interactions, thus reducing membrane resistance to an external
pressure, resulting in a decrease in stiffness. Force measurements give
quantitative data about this destabilization by showing a decrease in
stiffness of the membrane happening later than membrane perme-
abilization, and lasting longer, conﬁrming the side effect and not the
direct effect of electric pulses. Changes in membrane shape (rippling)
and cell swelling contribute to the assumption that as lipids are disturb,
direct interaction between cortical actin network and plasmamembrane
is not preserved during pulse application, as it can be interpreted like the
detachment of membrane lipid bilayer from cortical actin grid (swelling)
and its movement free of any anchorage (rippling). This detachment
may explain why no actin ﬁbers were imaged during the 15 min follow-
ing pulse application. Even if this interpretation is convenient, the actual
observations do not allow concluding whether membrane detachment
hypothesis is the good one. Indeed, themembrane elasticity may also re-
ﬂect the destabilization of the actin ﬁber structure itself. Moreover, it
must not be forgotten that tubulin ﬁbers can also have a role in the
described phenomenon, as microﬁlament has also been shown to be
affected by electropermeabilization [31,33].5. Conclusion
For the ﬁrst time, we succeed to measure changes in living cell
membrane elasticity and membrane shape due to EP process through
physical measurements by AFM in real time. We demonstrate in this
study that AFM can be used for electroporation process investigation
and may allow further quantiﬁcation of the destabilization process in
terms of elasticity. First, stiffness data gives new insight of the perme-
abilization process showing a lasting effect of EP. Measurements
of this process are possible and numerical data are obtained. Data
obtained on ﬁxed cell, although giving YM values modiﬁed by ﬁxation,
are useful because they can give access to information at a speciﬁc
moment of EP phenomenon. Secondly, height images of membrane
and living cells at high resolution can be recorded and give direct visual
information about EP effect. Eventually, we show here that AFM senses
a side effect of EP, linked to membrane permeabilization and that may
be related to cytoskeleton.
This new way of analysis can open the ﬁeld of characterization of
cell type sensibility to electric ﬁeld and help in electrical parameter
optimization. Assuming that membrane response to EP is related to
cytoskeleton, next measurements will focus on its implication.Acknowledgements
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